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The IPT vision is:

NASA Mission
Needs

¢ Onboard computing systems for future autonomous
inteltigent vehicles

- powerful

- compect

- low power consumption

~ redintion hard
High performance computing (Tera- and Peta-flops)

[

- processing satellite dats
- integrated space vehicle engineering
- climate modeling
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Smart, compact sensors
Light weight displays for space vehicles
¢ Advanced instr for space ¥
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Large Scale Classical Molecular Dy namics on

a Shared Memory Architecture Machine

T reactive many—hody potentiul ror hiydrocarbons

Long Range (6-12) Van der Walls iteractions

Puwuile! vuplementation on a shared nwiory Ongu 2000
machnie

Srivastisvi il Barnacd - IEEE SuperComputing *97

o Quanium Molecular Dynamics Methadology

Tight-binding melccular dynamics in an son-orthogonal
atomic basis (GTENML) method.

Previous Parmetrization @ Silicon and carbon
ME Menostind ke ROsubbaswiuns . Phys. Rev. B (1993-94)

Extended to hetervatomic systents incloding: C, B, N
LS R TT SR R R VAN

Chem. Phys Lett Vol 30'i. 307 11999)
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[(‘xl‘l)\t Sanotubes ’/‘ BN Nanotubes - Steocture simualiatinngs @
NAS

® BN bond buckling effect

® Band gap engineering over a larger range should be

possible:
RN ~335eV
BL’Z N ~20eV
¢ ~0-1leVv
BC ~0.5eV

3
~arvariety of jungtions. quipitum dots ssd
superlatbices should be possible

-~houdd be inore rabust

@ Example: Composite (10,0) nanotube
0.4 eV atan 03X ¢Vatom 0.37e Viatom

reconstruction duse tn
e BY bond
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a BN Nanotubes - Nanomechanics . Anisotropic Plasticity/Strain Release in Compressed BN

® Young's modulus and plasticity of a compressed
BN nanotube.
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Functionalization of Nanotubes
Nano=\Mechano—chemistry

Functivnatization of Nunotubes
Nauo-Mechano-Chemistry

® Predictions of enhanced chemical reactivity in regions
of tocal conformatiomal strains: Kinky Cheistey

? .

Retaive Energy {e¥)
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3
Kink on a bent tubule " * . s "
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3
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Ridge on a twisted " ' 1 s B . Porsionally twisted SWNT equilibrated in an H bath
tubule Arom Mumbes

Binding Energy
Cahmaie Rnecyy 3000 - 1) Srivauve
Electronic Ensrgy -

N - D Snvasava

% I Nano Vechano-Chemistry J %
. = Y

SEM images of MWNTs dispersed on a V-ridge substrate

Comments:
(a) Before Reaction

Nanotechnology Materials and Applications.
~ compressed C nanotubes in composites

~ Namwiructured skin effect
Functionadity of i smarct material

~ Nane Electromechanical Sensors t NEMS)
~ Uminponcnts of Molecubar Electronics

~ nechanival kink catalyzed chemistry

{b) Same sample alter exposure to nitric acid vapor at room ~Kinky cheaistrs

temperature
- hydrogen storage in nanotubes

Mechanical

“Predictuons ol eshanced cheinical reactivity in regions Chenneal Elcctronic
of tocal contormunional struins: kinky chenusiry.” D. Snvastava,

1 D Schall, D. W Brenner, K. D. Ausian M. Feng, PN
and R. Ruott, | Phys Chewr. Vol 103, 4330 (99)
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Research Focus [ i Compasite Nanotubes and .lunclinnaj

il!\(‘_\‘\l Compaosite Vanotubes and Junctions

o B duping of Carbon Nunotube
® Band gap engineering over a larger range should be

possible: Randum Istand IO 3y Supertaitice (BU 3
. ~ : AN
BN ~55eV E,::&: g’;’] - o,
N =3
BOLN -20eV waxy 5 ":‘.’f e
: tg s A
C ~0-1leV 3 ,r,rz - &
e P
BC, -0.5eV .;.3: Al e
- o b go G e =
~anvarety of junctions. quisssthsm dots ;‘,:;:"‘v' v#_:q fl..\)’.f
superfattices should he possible A ooy
L At PN
~ <hould he mmre robust .06 -l —00 N cViatom

. posi phase separrslion of goped and smdoprd regions i~
. Example: Com ite (10,0 nanotube theromnhy namically staide

0.3 eVatam B8 ¢ Vatom 0.37e Viatam

® BN/C Junctions
-
[ .1 3 BN

Interface Energy = 2*BN/C - BN - €
Interface Energy = 0.33¢V/CB bond

Stable interfaces should be possibie
recomtruction due to
[uier BN beoad

2000 L Smvasand ) 200 - D Snvees v
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® ::E:‘h::;:f.‘;’le‘,le'o"""““’"’ alter the Electronic Characteristics Exsunple: bending and torsion of arm—chair (10, 10) nanotube
a s

Bending

TR T e
L N Y
i el W

LDOS | Al pen |

10V corpressed (3, 0) cure >3 T T

3 Ma
L ool Vg
L WW\“%MMM
Mo a N
-4 -2 5 2 3

Energy (eV)

Torsion
AT A
A »
.w\»f«”'\-;w..w/"w__
WM'MA,._M'
M‘w"‘*&_’_‘ A
it et
Enetny iev) Mgl —
L cille O S|
4 -2 2 o 4
Nato echanp-clectromes citedts are v dependent Energy (eV)
antube e

HE T IR TR

RLTYI TR P



Technique Development Focus T}
|

Farge Seale Clissical Maleeulae Dynamics on
a Shared Menory Architecture Machine

Fong Raage to- 12 Voo der Wadls interactions
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s ol ethod

s Spattad Decotmposition tor Serchiborlst

e Lovwal Decanposiion tor Foree Calcnlations
T

Gand T
'
S asiend soabng
poriect seatng ot
. . 12
i E / re
- [
& 4’/
7 a
&
<2
9
Number of racessers
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Srivastava and Barnard - [EEE SuperComputing '97
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Research Focus 1
Nanotube - Nanomechanics/materials

@ Nanotubes are extremely strong highly elastic nanofibers

- bigh vatoe of Y oung raodalus
steel - 0.2 TPa

swnt - 1.2 TPa

Dynamic response of nanotubes to ballistic deformation
- axiat compression, bending and tossion
~ cotnparison between SY NI and MW N'T behavior

( Axial Compression)
MY

- redistribution af stesin

Sharp buckling teading (o bond rupture

CNVEN s stiffee thom the VWA

A0 D S e las

Jrenner » reactive oy oy potential tor hyvdiocarbons

Padlet nuplenentition o a <hared memory Orizn 2000

1
1 Technique Development Focus H |

Quantum Molecular Dynamics Methodology:

vo= L‘l‘l . rep * "
v,= Sum [ one electron energies|
U =

Sum ( repulsive pair potentiai
rey (rep P po ]nccupied

- Son=othegenal atanic hasis - G UBMD method

Secular Eq. det{ h - Esii } =0
ij

The forces on an atomic coordinates are given by
Fx = -dl/dx

Molecular Dynamics : system is dynamically evolved
at each time step

Previous Parametrization :  Silicon and carbon
M. Menon and K. R. subbuswamy. Phys. Rev. B (1993-94)

Extended 1o heteroatantic ssstems incloding: Si. C B, N

M. Menon and D Srivastava, Phys. Rev. Lett. subrmitied (98)
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1 | Nanotubes in Composites I @

@ Experiment : Buckling and Collapse of Embedded
Carbon Nanotubes
O, Lourie el al Phys Revo Fet Yol N1 OIS (1198,

ptrusher e

«b)

LUnder Compressional struin two modes are observed

~ (1 ~ long multi-wall nanotubes behave as elastic rods that
buckle, bend and loop

~thy - thin walled nanotubes locally colliapse oc fracture rather
than buckle

W0 - I Senasiang

[('nmpresﬂed Nanotubes in (‘ompositﬂJ

« N

Sp collapse-plasticity of (8.0) CNT through
graphitic (sp2r to dizinond like (splr type transition.

23
13353

IR,

S0

{a) side view (b} top view

D Srivastava, M. Menon and K. Cho. Phys Rev. Lett. Vol. 83,
2073 (1999
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% l('omprc\wd Nunotubes in Composites ] @
N :

@ Energetics of collapse—plasticity of (8.0) CNT
at 12% compression strain.
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Quanium GTBYD Methed
cassical atpmistic < with Teroll- Brenner patentiai

@ Linear response regime ( Y = 1.3 TPa) followed by
pinching/buchling rclassical MD) or collapse/plasticity
{quantum MD).
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% l Compressed Nanotubes in Compusites l @

® Comparison with classical atomistic simulation, and a
CNT with B point defect.
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% BN Nanotubes - Sasomechanics @
~nNAS Applicazions 1D

@® BN reinforce composites with anisotropic .
plasticity —{ Carbon—-based Electronics

Nanostructured 3kin Sffect !!

&

molecular wires

topological defect mediated

hetero—junctions ~ switchiog
transisting
tunneling devices

}b——— ( nanotubes doped with B and M
BN nanotubes (insulator ~ Se¥ gap)
heterojunctions

superlattices

Combination of the above two ~ to taylor
the probable device characteristics

interconnects — Carbon/metal junctions

2000 - 1) Snasana
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m Carbon Nanotube Electronics Band Structure|

Carbon Nanotube Electronics Band Structure Reclron banca 1 15 € 1 tube Tecsrap bands o 17 3 tebule Deciron bapes v 21 1 Libale
(basics)
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Carbon based Electronices 11

o

{ Carbon based Llectronics [

2- point Nanotube Heterojunctions

R T Mok v e e e PR

Molecular Electronic Switches

Bent Junctions

Chico et. ul. Phys. Rev. Lett., 96
Charlier et. ul. Phys. Rev. B. 9%
Lambine et. al. Chem. Phys. Lett.. 96
Saito et. ul. Phys. Rev. B, 96

. . . ; 3 inal " T-tunnel” Junctions of Nano
Wi studied the clteet of capping the Lubes and relaxing the terminal "T-tunnel” J tubes

prnctions with a quantum GTBMD method.
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[ Carbon based Electronics [T I @

Pathways to Two Dimensional Molecular " Networks™

oo wmger: 3t e Sz B
- l [ a
L

S. ) Tans et . Nature (1998) - Deltt Group, - C. Dekker

\ Srmler ieasureiients and contiguration foc both SWNT
amd MWNT Tinve been studied by Phe Avouns and s

o workers ot TRM Yorktown Heighes vemiconductor—Metal

‘unnel Junction

P d it aeoh Cledti ot A four—terminal namiube heternjunction

[ i dTealtode natnahe vontn

"1t turns out that all of nur proposed juactions satisfy - Coeneratizal
t aler’s Rule about the gloabal topadogy of connected networks”
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